Ionizing radiations (IR) exposure leads to damage on several cellular targets. How signals from different targets are integrated to determine the cell fate remains a controversial issue. Understanding the pathway(s) responsible(s) for the cell killing effect of the IR exposure is of prime importance in light of using radiations as anticancer agent or as diagnostic tool. In this study, we have established that IR-induced cell damage initiates two independent signaling pathways that lead to a biphasic intracellular ceramide increase. A transitory increase of ceramide is observed within minutes after IR exposure as a consequence of DNA damage-independent acid sphingomyelinase activation. Several hours after irradiation, a second wave of ceramide accumulation is observed depending on the DNA damage-dependent activation of ceramide synthase, which requires a signaling pathway involving ATM. Importantly, we have demonstrated that the late ceramide accumulation is also dependent on the first one and is rate limiting for the apoptotic process induced by IR. In conclusion, our observations suggest that ceramide is a major determinant of the IR-induced apoptotic process at the cross-point of different signal transduction pathways.
Ionizing radiations (IR) exposure leads to damage on several cellular targets. How signals from different targets are integrated to determine the cell fate remains a controversial issue. Understanding the pathway(s) responsible(s) for the cell killing effect of the IR exposure is of prime importance in light of using radiations as anticancer agent or as diagnostic tool. In this study, we have established that IR-induced cell damage initiates two independent signaling pathways that lead to a biphasic intracellular ceramide increase. A transitory increase of ceramide is observed within minutes after IR exposure as a consequence of DNA damage-independent acid sphingomyelinase activation. Several hours after irradiation, a second wave of ceramide accumulation is observed depending on the DNA damage-dependent activation of ceramide synthase, which requires a signaling pathway involving ATM. Importantly, we have demonstrated that the late ceramide accumulation is also dependent on the first one and is rate limiting for the apoptotic process induced by IR. In conclusion, our observations suggest that ceramide is a major determinant of the IR-induced
Introduction
Understanding the target(s) and the pathway(s) responsible for the cell killing effect of the ionizing radiations (IR) exposure is of importance in order to maximize the therapeutic effects and minimize the secondary effects of the use of radiations as anticancer agent or diagnostic tool. IR kill cells essentially by activating the apoptotic program, a genetically determined mode of cell death widely observed in nature to eliminate physiologically excess, infected, senescent or damaged cells (Raff, 1992; Steller, 1995) . IR-induced cell death is thought to result mainly from damage to two cellular targets: membrane and DNA. However, how each target contributes to IR-dependent cytotoxicity and how the signals from both targets are integrated at molecular level is largely unknown.
The involvement of membrane signals in IR-induced cell death derives essentially from studies on the role of ceramide as a critical component of apoptosis (Obeid et al., 1993; Hannun, 1996; . It has been shown that IR targets the cell membrane to generate ceramide and to induce apoptosis (HaimovitzFriedman et al., 1994) . Ceramide production is mediated by hydrolysis of sphingomyelin (SM), due to the activity of sphingomyelin-specific forms of phospholipase C, termed sphingomyelinases (SMases). Lymphoblasts from patients with Niemann-Pick disease (NPD), an inherited deficiency in acid SMase (ASMase), or cells from ASMase-deficient mice, exhibit a major defect in IR-induced generation of ceramide and apoptosis (Santana et al., 1996) . Moreover, loss of ceramide generation from neutral SMase (NSMase) confers resistance to IR-induced apoptosis (Chmura et al., 1997) . In addition, DNA-damaging agents exposure might produce ceramide by de novo synthesis via ceramide synthase (CS) activity (Bose et al., 1995; Dbaibo et al., 1998; Liao et al., 1999) . Like for growth factor-deprived cells, TNFa, vincristine or anti-Fastreated cells (Hannun, 1996) , a biphasic model of ceramide production was also proposed in response to IR (Haimovitz-Friedman, 1998; Lin et al., 2000) . However, a direct experimental support for this biphasic model is lacking and the relationship, if any, between the two potential IR-dependent waves of intracellular ceramide accumulation remains to be explored.
The importance of the DNA as target in IR-induced cell death derives from studies on genetic models in which proteins involved in DNA-damage repair and/or signaling are defective. Among these models, ataxia telangiectasia (A-T) is a genetic disease characterized by progressive cerebellar ataxia, immune deficiency, increased incidence of cancer, hypersensitivity to IR and alterations of cell cycle checkpoints following IR (Lavin and Shiloh, 1997; Shiloh, 1997) . ATM protein belongs to the phosphoinositol 3-kinase family and is considered a major player of the IR-induced DNAdamage signaling pathway (Lavin and Shiloh, 1997; Shiloh, 1997) . p53 induction, required for IR-induced cell cycle arrest and/or apoptosis (Levine, 1997) , is delayed or absent in A-T cells (Kastan et al., 1992; Khanna and Lavin, 1993) . We have previously shown that cells from A-T patients are resistant to IR-induced apoptosis and unable to progress into the 'execution' phase of apoptosis (Duchaud et al., 1996; Vit et al., 2000) . Similar results were obtained on human A-T cells by others (Takagi et al., 1998; Meijer et al., 1999) or on cells derived from different tissues in ATM knockout mice (Elson et al., 1996; Xu and Baltimore, 1996; Westphal et al., 1997; Herzog et al., 1998) .
Since deficiencies in ceramide production or ATM activity rely to an IR-induced apoptotic-resistant phenotype, we sought to look for a connexion among the two pathways. Using biochemical and genetic approaches, we show here that ceramide is produced within minutes after irradiation by DNA-damageindependent and ASMase-mediated SM hydrolysis. A second wave of ceramide accumulates several hours after IR exposure, resulting from CS-modulated synthesis. This second wave depends on DNA-damagemediated signaling, requiring ATM. Importantly, we show here for the first time that the early increase in intracellular ceramide content is also required to observe the late rise. Altogether, these data attribute to ceramide a specific and central role in the crosstalk between membrane and DNA damage signaling pathways, which are both necessary to IR-induced apoptosis.
Results

Radio-induced apoptosis needs both acid SMase and CS activities
IR exposure of normal human lymphoblasts, AHH-1 and HSC-93, induced a dose-dependent ( Figure 1a ) and a time-dependent (Figure 1b) increase of cell death. Ceramide generation results from hydrolysis of SM by various SMases or de novo synthesis by CS (Kolesnick, 1991; Spiegel and Merrill, 1996; Meijer et al., 1999) . To determine the involvement of ceramide in IR-dependent cell death, we analysed ASMase-deficient GM16193 cells from a NPD patient or CS-inhibited normal lymphoblasts (pretreated with FB1). In both cases, a significant resistance to undergo IR-induced cell death was observed (Figure 1a and b) .
To define the mode of IR-induced cell death, the inactivating cleavage of PARP, considered as an useful marker for apoptosis (Kaufmann et al., 1993) , and two steps preceding this cleavage, that is, the caspase-3 activation (Cohen, 1997) and the mitochondrial collapse (Green and Reed, 1998) , were analysed. Proteins were separated by SDS-PAGE and analysed by Western blot with an anti-PARP or an anti-caspase-3 antibody. In normal cells, the inactivating PARP and the activating caspase-3 cleavage were observed by 18 h after 5 Gy of IR (Figure 1c) . In sharp contrast, no cleavage was visualized in FB1-pretreated or NPD lymphoblasts. A reduction in the mitochondrial transmembrane potential (DC) takes place before caspase-3 activation (Vayssiere et al., 1994; Zamzami et al., 1995; Kroemer et al., 1997) . Exposure of the normal cells to IR produced a timedependent increase in the percentage of low DC cells. Comparatively, irradiated NPD or FB1-treated cell cultures showed a 50% reduced accumulation of cells with low DC (Figure 1d and e).
These data show that radioinduced apoptotic cell death needs both acid SMase and CS activities.
Ceramide is generated following a biphasic pattern It has been shown that ceramide increases either within minutes (Santana et al., 1996) or several hours after irradiation (Dbaibo et al., 1998) . These data suggest (Haimovitz-Friedman, 1998) but do not prove the Later, in both cell lines examined the intracellular content of ceramide, which is similar to untreated cells 8 h after irradiation, achieved B180% of control at 18 h and was maintained at least up to 24 h for an irradiation of 10 Gy ( Altogether, these data demonstrate that CS is essential for the late IR-dependent elevation of intracellular ceramide, while SMase(s) are involved in the early ceramide increase.
Late ceramide induction requires early ceramide increase but is caspase independent
As reported above, IR-dependent ceramide induction was biphasic. We sought to determine if the two phases were related. To determine the role of the first peak of ceramide on the second increase, late ceramide accumulation was analysed in NPD lymphoblasts. Early after irradiation, ceramide generation and SM hydrolysis were not observed in NPD cells (Figure 4a) . Interestingly, we observed that also the late ceramide elevation was abolished in NPD lymphoblasts (Figure 4b ) in spite of a normal rise in CS activity (data not shown). Since SMase activity does not seem to be involved in late ceramide accumulation (Figures 2 and 3) , this result suggests that a product derived from the transitory increase of ceramide is required to observe the late peak of ceramide.
Our results (Figure 1 ) suggest that ceramide induction is prerequired for caspase-3 activation. We examined the consequence of caspase inhibition on IR-induced ceramide production using ZVAD.fmk, a synthetic, broad-spectrum caspase inhibitor. In response to IR, when the activity of caspases is impeded, cells failed to cleave PARP as well as to process caspase-3 (Figure 5a ). In spite of the inhibition of caspase activity, irradiated lymphoblasts showed an unaffected intracellular ceramide elevation (Figure 5b ).
Altogether, our data suggest that ceramide is required for caspase activation and that proteases activity is necessary for the subsequent cell death.
Late phase of ceramide production depends on radio-induced DNA damage
The product of the gene mutated in A-T patients, ATM, is specifically elicited to transduce IR-induced DNA damage signals (Canman et al., 1998) . This is why A-T cells were used to further define the pathways that lead to intracellular ceramide accumulation in response to IR. Comparatively to irradiated normal cells, and despite their hypersensitivity to IR (Figure 6a ; Duchaud et al., 1996; Vit et al., 2000) , A-T cells are unable to undergo radio-induced apoptosis, as shown by the absence of PARP cleavage (Figure 6b ), caspase-3 activation and mitochondrial collapse (Duchaud et al., 1996; Vit et al., 2000) . Similarly to normal cells ( Figure  2a and c), A-T lymphoblasts were able to produce ceramide within minutes after irradiation (Figure 6c , left). The early ceramide increase was transitory and concomitant to SM hydrolysis and ASMase activation (Figure 6d ). This implies that SMase activities, which do not require ATM, are involved in a signaling pathway activated independently on DNA damage. In contrast, in irradiated A-T cells, we failed to observe the late elevation of the intracellular ceramide content (Figure 6c, right) . Moreover, in irradiated A-T cells, the CS activity was highly reduced 18 h after irradiation (Figure 6e ), comparatively to irradiated normal cells (Figure 2f ). This result suggests that the late ceramide production failure observed in A-T cells is due to a reduction of CS activation. Consequently, our data indicate that CS activation depends on ATM activity.
To validate our observations, late ceramide elevation was analysed in cells irradiated in presence of wortmannin, an inhibitor of phosphatidylinositol 3-kinase family members, which includes DNA-PKcs, ATM and ATR. Wortmannin inhibits the kinase activity of ATM and DNA-PK in intact cells with half-maximal inhibition at concentrations of about 5 mM (Sarkaria et al., 1998) . The kinase activity of ATR is significantly more resistant to this drug with half-maximal inhibition at concentrations higher than 100 mM. According to several published works, wortmannin radiosensitizes cells in a dosedependent manner (Figure 6f ). The frequency of normal cells killed by 10 Gy in presence of 25 mM wortmannin is similar to that observed in A-T. In presence of 25 mM of wortmannin, ceramide production was significantly reduced comparatively to cells irradiated in absence of the inhibitor (Figure 6g ). This result emphasizes the involvement of PI 3-kinase signaling in late ceramide increase and cell survival.
DNA damage signaling is proficient in NPD cells
To further characterize the signaling pathway leading to IR-induced apoptosis, we sought to look for the link between the first wave of ceramide and the DNA damage signaling pathway involving ATM and p53. To do so, p53 activity and cell cycle checkpoints have been studied in irradiated ASMase-deficient lymphoblasts. NPD cells showed a normal induction of the p53 protein after irradiation (Figure 7a ). The major p53-target gene involved in cell cycle arrest is p21/cip1/waf1, which encodes an inhibitor of cyclin-dependent kinases and allows arrest in G 1 phase of the cell cycle (Harper et al., 1993; Xiong et al., 1993) . p21 induction was assessed by semiquantitative RT-PCR. Comparatively to normal cells, NPD cells showed a similar induction of p21 in response to irradiation (Figure 7b ). The cell cycle response to IR, examined by flow cytometry, is depicted in Figure 7c for a normal, a NPD and an A-T cell line. In opposition to A-T cells, normal and NPD lymphoblasts undergo both G 1 and G 2 arrest (Figure 7c ). In normal and NPD cells, the best evidence of G 1 arrest is the emptying of precoce S phase (see arrow), which is particularly evident 8 h after irradiation. This pattern was not observed in irradiated A-T cells.
Altogether, these results show that ASMase is not necessary for the initiation of DNA-damage-induced machinery, which leads to p53 and p21 induction as well as cell cycle checkpoint activation.
Discussion
Cell exposure to IR leads to damage on DNA and membrane. How signals from different targets contribute and are integrated to determine the cell fate remain an open and controversial question (Radford, 1999) . Ceramide has been proposed as a mediator of apoptosis and as a coordinator of the cellular response to stress (Hannun, 1996) , including IR exposure (HaimovitzFriedman et al., 1994; Santana et al., 1996; Chmura et al., 1997) . However, the IR-dependent regulation of ceramide production and the way ceramide controls IR-dependent apoptosis remained poorly understood.
In this study, we have established that IR-induced cell damage initiates at least two independent signaling pathways which lead to intracellular ceramide increase. For the first time, we have reported that in response to IR, the induction of ceramide follows a biphasic pattern. A transitory increase of ceramide was observed within minutes after IR as a consequence of DNA damageindependent SMase activation. Several hours after irradiation, a second wave of ceramide accumulation was observed depending on the DNA damage-dependent activation of CS, which requires a signaling pathway involving ATM. Importantly, we have demonstrated that the late ceramide accumulation is also dependent on the first one and is rate limiting for the apoptotic process induced by IR exposure. In conclusion, our observations suggest that ceramide is a major coordinator of the IR-dependent apoptotic process mediating the crosstalk of different signal transduction pathways.
We have reported that after irradiation, the early increase of ceramide is concomitant with the hydrolysis of SM showing its dependence on the activation of at least one SMases, in accord with previous published observations (Santana et al., 1996; Chmura et al., 1997) . Although a high dose of IR (20 Gy) was required to obtain a consistent measurement of ceramide early after treatment, the involvement of this transitory increase appears to be important also at lower doses. Indeed, SMase-deficient cells showed an apoptotic-resistant phenotype also at 5 or 10 Gy (This work and Santana et al., 1996; Chmura et al., 1997) . It has been proposed that IR targets the cell membrane to generate DNAdamage-independent SMase-dependent ceramide and apoptosis (Haimovitz-Friedman et al., 1994; HaimovitzFriedman, 1998) . Our work supports this hypothesis. Indeed, we have reported that early ceramide rise was normally elicited in A-T cells, which are highly defective in IR-induced DNA-damage signaling (Canman et al., 1998) . However, the rapid and transitory SMase-dependent increase of ceramide is not sufficient to induce the apoptotic program. Indeed, A-T or FB1-inhibited cells do not undergo apoptosis in spite of the normal early rise of ceramide.
In this study, it is shown that IR-induced apoptosis is accompanied by activation of CS and late increase of intracellular ceramide. Treatment of cells with the CS-specific inhibitor fumonisin B1 impeded both late ceramide accumulation and apoptosis. Moreover, in A-T-derived cells, CS was not activated and, consequently, the late accumulation of ceramide was absent, accordingly with their inability to undergo apoptosis after IR exposure (Duchaud et al., 1996; Elson et al., 1996; Xu and Baltimore, 1996; Westphal et al., 1997; Herzog et al., 1998; Takagi et al., 1998; Meijer et al., 1999; Vit et al., 2000) . This observation suggests that IR-dependent CS activation requires wild-type ATM. This is in contradiction with a report suggesting that ATM may act as a negative regulator of CS activity protecting cells against apoptosis (Liao et al., 1999) . This discrepancy might be explained by the use of a control cell line with an unusual elevated threshold of apoptosis. The alone normal cell line used as control by Liao et al. (1999) displayed less than 10% of radio-induced apoptosis 24 h after exposure to 5 Gy. This result disagrees with data published by the same and other groups, showing that in similar experimental condition, exposure to IR results in the induction of at least 25% of apoptotic cells in normal lymphoblasts cultures (Santana et al., 1996; Vit et al., 2000) .
Our observations, combined with several data presented in literature, might be resumed in the following hypothesis. IR induce damage at the membrane and in the nucleus. SMases, quickly and transitory activated at the cell membrane level, hydrolyses SM into ceramide and phosphocholine. The early peak of ceramide appears to be essential (This work and Santana et al., 1996; Chmura et al., 1997) but not sufficient (this work) to IR-induced apoptosis. In the nucleus, IR-induced DNA damage allows ATM activation and CS activation followed by the late ceramide increase. Finally, this prolonged and gradual increase in ceramide participates in the caspase activation. The link between the first increase and the late accumulation of ceramide in response to IR remains to be determined. However, an important clue of our observations is that the second increase of the intracellular ceramide content is a ratelimiting step for the progress of the apoptotic program after IR. This idea was supported by our observations showing that, in spite of a normal early increase of ceramide, radioresistant apoptosis was associated to the loss of late ceramide rise in A-T or FB1-treated lymphoblasts. The results presented here show that in CS-activity devoided cells, caspase-3 is not activated. However, in the absence of late ceramide increase, the frequency of low DC cells is reduced of only 50% comparatively to irradiated normal cells. On these bases, it may be suggested that ceramide plays a role of enhancer of the apoptotic process. In agreement with this idea, de novo ceramide enhances mitochondria collapse and caspase activation by upregulating caspase-9 (Chalfant et al., 2002) or downregulating antiapoptotic HSP-70 protein, a negative regulator of both caspase activation and activity (Xanthoudakis and Nicholson, 2000) . It is interesting to note that blocking early the DNA-damage signaling pathway, as in the case of A-T cells, increased radiosensitivity in spite of the absence of apoptotic stigmata. In contrast, in cells having alterations downstream ATM such as in p53 or caspases activation, the decrease of apoptosis reduces or delays cytotoxicity. Clearly, our model confers an essential and central role for bioactive sphingolipids in cell fate after genotoxic stress, and indicate ceramide as a powerful pharmacological target to modulate DNA damaging agent-induced apoptosis.
Materials and methods
Cell lines and treatments
Normal lymphoblasts, AHH-1 and HSC-93, A-T lymphoblasts, GM2782, GM3189, and ASMase-deficient GM16193 lymphoblasts were cultured as previously described (Vit et al., 2000) .
Cells were exposed to g-rays from a 137
Cs source (IBL 637, Cis Bio International, Paris, France) at a dose rate of 1.9 Gy/min.
For CS inhibition, cells were pretreated for 24 h with fumonisin B1 (Sigma, Steinheim, Germany) at 20 mM. FB1 was added again at the time of irradiation and left in the cultures during the time of the experiment.
In inhibition experiments, cells were pretreated with the caspase inhibitor peptide ZVAD.fmk (Calbiochem, San Diego, CA, USA) or wortmannin (Calbiochem, San Diego, CA, USA) 1 h before irradiation.
Viability measurement
At specific times following irradiation, the number of dead cells was determined by trypan blue dye exclusion and counted in a hemocytometer.
Protein. extractions, antibodies, and immunoblot analysis
Protein extraction and Western blot analysis were performed as previously described (Vit et al., 2000) . Immunoblot analysis was carried out using anti-PARP monoclonal antibody (Clontech, Palo Alto, CA, USA), anti-caspase-3 polyclonal antibody (PharMingen, San Diego, CA, USA), or anti-p53 (DO-1) monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Mitochondrial transmembrane potential assessment
To assess the changes in mitochondrial potential (DC), cells were incubated for 15 min at 371C with 40 nM 3,3 0 -dihexyloxacarbocynine iodide (DiOC 6 (3)) (Molecular Probes, Eugene, OR, USA), and analysed by FACScan (Becton Dickinson, San Jose, CA, USA), as previously reported (Vit et al., 2000) .
Sphingolipid quantitation
For ceramide and sphingomyelin quantitation, cells were incubated for 48 h in complete medium containing 1 mCi/ml of [9, H]palmitic acid (Amersham, Buckinghamshire, England). Cells were then washed, resuspended in complete medium and irradiated. After irradiation, cells were collected by centrifugation at the indicated time and pellet was flash-frozen in ethanoldry ice. Samples were resuspended in 2.5 ml of chloroform : -methanol (2 : 1, v/v), vortexed and centrifuged at 2500 r.p.m. for 10 min. The lower phase was then recovered and 0.85 ml of chloroform : methanol : water (3 : 48 : 47, by volume) was added. After mixing and centrifuging, the lower phase of the extract (containing the radiolabeled sphingolipids) was evaporated under nitrogen and the lipids were dissolved in chloroform : -methanol, resolved by analytical thin-layer chromatography. Sphingomyelin and ceramide were identified based on comigration with authentic standards and detected by iodine (Merck, Darmstadt, Germany) staining. Sphingolipids were then scraped and quantitated by liquid scintillation spectrometry.
Assessment of ceramide synthase activity
To prepare microsomal membranes, 75 Â 10 6 cells per sample were pelleted, washed once with cold PBS, and resuspended in 300 ml of homogenization buffer (25 mM HEPES pH 7.4). supplemented with protease inhibitors (Complete Cocktail, Boehringer, Mannheim, Germany). Cells were disrupted with a glass dounce (20 strokes) and the lysates were centrifuged at 800 g for 5 min. The postnuclear supernatant was centrifuged at 250 000 g for 30 min and the microsomal membrane pellet was resuspended in homogenization buffer. Assays of ceramide synthase were based on protocol described previously with slight modifications (Harel and Futerman, 1993) . Proteins concentration in microsomal extracts was determined by Bradford method (Bio-Rad, Hercules, CA, USA). Microsomal protein (75 mg) was incubated in 1 ml reaction mixture containing 2 mM MgCl 2 , 20 mM HEPES pH 7.4, 2 mM defatted bovine serum albumin, 10 mM dihydrosphingosine, 70 mM unlabeled palmitoyl-coenzyme A and 3.6 mM (0.2 mCi) [1-
14 C]palmitoyl-coenzyme A. Dihydrosphingosine was dried under nitrogen from stock solution in 100% ethanol and dissolved by sonication in the reaction mixture prior to addition of microsomal membranes. The reaction was started through addition of palmitoyl-coenzyme A and incubated at 371C for 30 min. Then lipids were extracted using 2 ml of chloroform : methanol (2 : 1). The lower phase was removed, concentrated under nitrogen and applied to a silica gel 60 TC plate (Merck, Darmstadt, Germany). The plates were developed in diethyl ether : methanol (99 : 1). The positions of ceramide versus other radiolabeled compounds were determined by comparison with standards, visualized by iodine (Merck, Darmstadt, Germany) and quantified by liquid scintillation counting.
Semiquantitative RT-PCR analysis
Total RNA (1 mg) was reverse transcribed from-oligo-dT primers, and the resulting cDNAs were amplified by PCR using gene-specific primers (Genset, France). Primer sequences can be provided on request. PCR reactions were performed using the Ready-to-Go PCR beads (Pharmacia, USA) following the instructions of the supplier. Each reaction was performed at 581C, the number of cycle was adjusted for each target. PCR products were separated on 2% agarose gel running in TAE 1 Â buffer and labeled with BET.
Assessment of acid SMase activity
At specific time following apoptogenic treatment, 3 Â 106 cells were pelleted by centrifugation and flash-frozen in ethanol-dry ice bath. To measure ASMase activity, cell pellets were resuspended in 200 ml of lysis buffer (250 mM sodium acetate (pH 5.0), 750 mM ATP, 1 mM phenylmethylsulfonyl fluoride, 10 mM leupeptin, 10 mM pepstatin). An aliquot was taken for protein determination by Bradford method (Bio-Rad, CA, USA). A measure of 100 ml of cellular lysate was incubated for 2 h at 371C with [N-methyl-14C]sphingomyelin (1 nmol per sample) (Amersham, Buckinghamshire, England). Radioactive phosphocholine produced from [N-methyl-14C]sphingomyelin was extracted with chloroform : methanol (2 : 1) and quantitated by scintillation counting. ASMase activity was expressed in pmol/h/ mg.
Cell cycle analysis
To evaluate the effect of IR exposure on cell cycle progression, untreated or treated cells were harvested at 8 and 24 h after irradiation. Harvested cells were fixed in cold ethanol and subsequently stained for DNA content with propidium iodide (PI), and analysed by flow cytometry. The percentage of cells in each cell stage was evaluated using the CellFit software (Becton-Dickinson, USA).
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